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Abstract 

>< 

$H ' In the framework of boundary conformal field theory we consider a flat unstable T)p- 

brane in the presence of a large constant electromagnetic field. Specifically, we study the 
case that the electromagnetic field satisfy the following three conditions: (i) a constant 
electric field is turned on along the direction {Ei ^ 0); (ii) the determinant of the matrix 
{rj + F) is negative so that it lies in the physical region (— det(ry + F) > 0); (iii) the 11- 
component of its cofactor is positive to the large electromagnetic field. In this case, we identify 
exactly marginal deformations depending on the spatial coordinate x^. They correspond to 
tachyon profiles of hyperbolic sine, exponential, and hyperbolic cosine types. Boundary 
states are constructed for these deformations by utilizing T-duality approach and also by 
directly solving the overlap conditions in BCFT. The exponential type deformation gives a 
tensionless half brane connecting the perturbative string vacuum and one of the true tachyon 
vacua, while the others have negative tensions. This is in agreement with the results obtained 
in other approaches. 
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1 Introduction 



Type IIA (IIB) string theory supports even-dimensional (odd-dimensional) stable BPS D-branes 
and odd- dimensional (even-dimensional) unstable nonBPS D-branes [1]. The physics of unstable 
D-branes involves various nonperturbative aspects of string theory. Specifically, two representative 
examples are the tachyon solitons interpreted as lower-dimensional D-branes [2], [3] and the rolling 
tachyon describing homogeneous real-time decay process of the D-brane [ll[5]. 

The instability of a nonBPS Dp-brane in superstring theory or a Dp-brane in bosonic string 
theory results in the appearance of a tachyonic degree. In the context of boundary conformal field 
theory (BCFT), the tachyon vertex operator with a single spatial dependence which represents 
the exactly marginal deformation is given by a sinusoidal function with a single multiplicative 
parameter. When the parameter has the value 1/2, the deformation is interpreted as an array of 
D(p — l)-branes in bosonic string theory or as a periodic array of a pair of a D(p — l)-brane and a 
D(p — l)-brane in superstring theory [21 [3l [6]. The homogeneous rolling tachyon in BCFT is de- 
scribed by introducing a marginal deformation corresponding to the tachyon profiles of hyperbolic 
sine, exponential, or hyperbolic cosine type. The physical quantities like the energy-momentum 
tensor suggest real-time decay of an unstable D-brane when the tachyon is displaced from the 
maximum of the tachyon potential and rolls down towards its minimum. 

Both homogeneous rolling tachyons and lower- dimensional D-branes from an unstable D-brane 
have also been studied in the context of effective field theories (EFTs) such as Dirac-Born-Infeld 
(DBI) type EFT [71 [H El [10] and boundary string field theory (BSFT) EFT [IH [121 [13] . Compared 
with the BCFT approach, physical quantities such as energy-momentum tensor obtained from 
these EFTs are qualitatively the same as, but slightly different from that in BCFT [7]-[T3]. For 
the case of the half S-brane with the exponential type of the tachyon profile [H] which is a 
special case of homogeneous rolling tachyons, the energy-momentum tensor based on the formula 
in Ref . [5] coincides exactly with that of DBI type effective action with 1 / cosh potential [15] . 

When the fundamental strings exist in the worldvolume of unstable Dp-brane, they couple to 
the second-rank antisymmetric tensor field (or equivalently to the electromagnetic field strength 
tensor on the D-brane [16]) and the string current density is given by the Lorentz-covariant 
conjugate momentum of U(l) gauge field [T71 [HI [19]. Then one may study the effect of the 
electromagnetic field. For rolling tachyons, the three types of deformations mentioned above are 
not changed by the presence of constant electric [201 EH [22], or both electric and magnetic [231 
[23] fields as far as they satisfy the physical condition, — det(?7 -|- F) > where F denotes the 
electromagnetic field strength tensor. 

The situation is more interesting for the case of tachyon kinks which are identified as lower- 
dimensional D-branes of codimension one. The spectrum of the tachyon kink is not changed 
when the constant electric field is turned on with keeping — det(?7 -|- F) > 0; only the period of 
D(p — l)D(j9 — 1) in the array becomes large as the electric field increases. However, when the 
electric field eventually reaches the critical value for which the determinant vanishes, the period 
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becomes infinite and we obtain a single regular BPS tachyon kink with constant electric flux. 
It is interpreted as a thick BPS D{p — l)-brane in the background of fundamental string charge 
density. This has been checked in various languages including DBI EFT [9l [25], BCFT |26j . 
noncommutative field theory (NCFT) |27j, and BSFT [13j . 

In the presence of both constant electric and constant magnetic fields in an unstable Dp-brane 
with p > 2, it turns out that other types of deformations are possible. This is because the 11- 
component of the cofactor C^^ of (77 + can have either negative or positive value while keeping 
— det(?7 + F) > 0. (Here, denotes the coordinate on which the tachyon depends.) For small 
electromagnetic fields the cofactor C^^ is negative. In this case the species of tachyon kinks are 
essentially the same as those without electromagnetic field. On the other hand, when p > 2, 
electromagnetic fields can take large values for which C^^ becomes positive while maintaining the 
condition — det(?7 + F) > 0. In this case, three new co dimension-one objects are supported, which 
correspond to tachyon profiles of hyperbolic sine, exponential, and hyperbolic cosine types. These 
objects have been obtained in aforementioned EFTs including DBI EFT [9], [25], NCFT [28], and 
BSFT [13]. They, however, have not yet been reproduced in the context of BCFT for type II 
superstring theory. The purpose of this paper is to analyze these three kinks in the context of 
BCFT. 

In section [2l we describe new tachyon vertices of hyperbolic sine, exponential, and hyperbolic 
cosine types with the dependence on a single spatial coordinate, and show that they give marginal 
deformations in the context of BCFT. In addition, these tachyon profiles are obtained as static 
solutions of the linearized tachyon equation in the background of a nontrivial open string metric 
and a noncommutativity parameter of open string field theory (OSFT). In section [3] we construct 
the boundary states corresponding to the marginal deformations given in section [2j We utilize 
Lorentz transformation and T-duality in subsection 13.11 while the overlap condition is directly 
solved in subsection 13.21 to construct the boundary states. In section [H we read the corresponding 
physical quantities, specifically the energy-momentum tensor T^^, and the fundamental string 
current density 11^,^. For the case of hyperbolic sine and hyperbolic cosine types of tachyon profiles, 
they are slightly different from those in EFTs as expected [9], [251 [28] , but, for the exponential type, 
they coincide exactly with the results of EFTs. They are interpreted as negative tension branes 
for hyperbolic sine and cosine profiles and tensionless half brane for exponential profile in the huge 
constant background of positive energy density. We conclude in section [5] In the appendix, we give 
an alternative derivation of the energy-momentum tensor for the exponential type deformation by 
calculating the partition function of the worldsheet action following Ref. |29j . 
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2 New Tachyon Vertices as Exactly Marginal Deforma- 
tions 



In this section we show that there exist three new tachyon vertices as marginal deformations in 
the presence of the constant electromagnetic field. They are hyperbolic sine, hyperbolic cosine, 
and exponential types which depend on a single spatial coordinate. We shall show this first in the 
scheme of BCFT and then in the context of linearized OSFT. 

In the BCFT description of bosonic string theory, the worldsheet action of a Dj)-brane in the 
presence of a background U(l) gauge field is given bjll] 

Sbcft = ^ [ d'wdX'^dX^-^ [ dtA^{X)dtXf^, (2.1) 

where S denotes the worldsheet and t parametrizes the boundary of the worldsheet. It satisfies 
the boundary condition 

{dnX^ + zF^^dtXn |as=0, (2.2) 

where dn and dt denote respectively the normal and tangential derivatives at the boundary 9S. The 
dynamics of an unstable D]?-brane is described by introducing a conformally invariant boundary 
interaction to the worldsheet action, 



St= / dtT{X). (2.3) 

When there is no background gauge field {A^ = 0), it is well-known that for any spatial 
direction X the operator 

T(X) = AcosX (2.4) 

is exactly marginal and has been used to describe lower- dimensional D-branes [21 E]- The relevant 
boundary state is given by [SHI ED [32] 

j 

j=0, 1/2,1,... m=~j 

where R is the SU(2) rotation matrix 

„ f costtA 2sin7rA\ „^ 
R = [ . . , , , (2.6) 

\t sm vrA cos it A J 

Dm-m{R) is the spin j representation matrix of R in the Jz eigenbasis, and |j;m, m)) is the 
Virasoro-Ishibashi state |33] built over the primary state |j;m, m) = |j, m)|j, m). 



^ Throughout this paper we use the a' = 1 unit. 
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The temporal version of (12.41) 

T(X°) = AcoshX" (2.7) 

describes the dynamics of the rolhng tachyon [H \5\ . For example the relevant boundary state for 
a Dp-brane with the deformation (12.71) is given by 



\B) = \B)xo \N)x. ^f=p+i \D)x^ ® Ighost) 



where 



|iV)xf = exp 
\D)x^ = exp 
Ighost) = exp 



oo ^ 

— > — ot^ 

n=l 

oo 



|0), 



(2. 



n=l 



|0), 



-^(6_nC_„ + 6_„C_„) 



n=l 



(Co + Co)CiCi|0), 



(2.9) 



and |i3)xo is the boundary state (12.51) in the Wick-rotated variable X —iX^. 

In the presence of a constant background electric field the operator ( 12. 7p is modified by a 
Lorentz factor |20j . 

T(X°) = Acosh(Vl xO), (2.10) 

where E is the magnitude of the electric field. Rolling tachyons have further been generalized to 
the case that both electric and magnetic fields are turned on [23], [2l] . 

In this section we would like to discuss the exactly marginal deformation St (12.31) in the 
background of a general constant electromagnetic field for which we take the symmetric gauge, 



- --F^^X". 



(2.11) 



As usual [1], we first consider the Wick-rotated theory obtained by the replacement X^ iX^ 
and make the inverse Wick-rotation back to the Minkowski time later. 

Under the deformed boundary condition (12. 2p . the correlation function on the upper-half plane 
is obtained as 



{X''{w)X''{w')) =-6'"'\n\w- w' I +6"^ In \ w - w' 
-G^^ln \w-w' l"^ -6"" In 



w — w' 



w — w' 



(2.12) 



Here G^u and 9^'^ are the Wick-rotated version of the open string metric G'^'^ and the noncommu- 
tativity parameter 6'^'^ given as 



yv 



1 

r] + F 



yv 



(2.13) 



where C^'^ and are respectively the symmetric and antisymmetric parts of C'^'^, the cofactor 
matrix of (77 + F)^^^, and = det(?7 + F). When w' is on the boundary, (12.121) reduces to 

X>'{w)X''{t) ~ -G"^ In \w - t\^ - 9^"" In (^—7) ' (2-14) 

where t represents the boundary. Since the OPE of the energy-momentum tensor T = —dX^^dX^ 
with the tachyon boundary vertex operator e*'^'"^'^*) is 

T(«;)e^'=-^W ~ 5!!^ e^^-m + _±_ 9,(e^'=-^W), (2.15) 

[w — ty w — t 

this operator becomes marginal when 

G^^k^k^ = 1. (2.16) 

In this paper we are interested in the operators which depend on a single spatial coordinate. For 
definiteness we take /c^ oc and denote X = X^ for the sake of simplicity. In this case (I2.16P 
reduces to kf = 1/G^^. Then the boundary operator is not only marginal but actually exactly 
marginal [32] since the second term containing the noncommutative parameter in (12.141) plays no 
role. After the inverse Wick rotation, the marginality condition then leads to 



As an example, let us consider an unstable D2-brane [p = 2) with a constant electromagnetic field 
Foi = Ei (E^ = Ef) and F12 = B. In this case, 3^2 = -(1 - + 5^) and G^^ = -1 + El so that 
the marginality condition (12.171) becomes 

,2 -(1-E2 + 52) 

Before discussing the physical meaning of these marginal deformations, we extend our analysis 
to the superstring case with worldsheet fermions, ijj'^ and '0'^, 11 = 0,1,. ..,9. The worldsheet 
action with a constant electromagnetic field is 

S^ = ^ f d'z (dX^^dX^ + l^d^p^ + Ivdi^,] - ^ f dt {A^dtX^^ - F^.^'^^^) , (2.19) 

where the fermions in the boundary interaction always appear as the following combination, 

^/^ = l(^/^ + ^/^). (2.20) 

In addition to the boundary condition for bosonic degrees (12. 2p . we impose that for fermionic 
degrees, 

(r/^. - F^,)r\Q^ = e{v,, + F^,)r\^^ , (2.21) 
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where e = ±. Without the background gauge field, the following operator which represents the 
tachyon field T{x) = v^A cos(x/\/2), 



iV2X'iljsm{X/V2)^ai 



(2.22) 



is known to be exactly marginal. Here we have assigned the Chan-Paton factor cti and the relevant 
boundary state is 

j 

\B,e)x,^= Yl J2 ^'rn,-m{R)\r,m,m,^)), (2-23) 

j=0,l,... m=-j 

where |j;m, m,e)) is the super- Virasoro-Ishibashi state built over the primary state \j;m,m,e) 
and e = ± correspond to the two different boundary conditions for the fermions in (12.211) . 

Taking the inverse Wick rotation, the deformation fl2.22p describes the rolling tachyon in 
superstring theory [5]. The boundary state for the Dp-brane with this interaction is given by 



\B) = \B,+)-\B,-), 



(2.24) 



where 



\B, e) = \B, e)xo,^o (g)^^^-^ \N, e)xM,v>M ®i=p+i l^", e)x%,/;> ® Ighost, e). (2.25) 

Here \B, e)xo,^o is the boundary state (12.231) in the Wick-rotated variables X = —iX^, ip = —itp^, 
and ijj = —iijj'^, and the spatial and ghost parts are usual ones, which are respectively given by 



e)xf,V'' = exp 
\D,e)x\'4,' = ^^P 
Ighost, e) = exp 



^ n 



^—n^—n 



n=l 



r=l/2 



|0), 



oo _ oo 
n=l r=l/2 



|0), 



J^(&-nC_n + h^nC-n) + {(3-rl-r " l3-rl-r) 

n=l r=l/2 

|n) = (co + Co)ciCie-^W-^(°)|0). 



in). 



(2.26) 



Now we consider the marginality condition of the tachyon vertex operator with momentum k 
in the presence of the constant electromagnetic field. The vertex operator in the zero-picture is 
given by 

-y/2k-^!e'^-^'^'\ (2.27) 



Since the fermion \l/ has conformal weight 1/2, the marginality condition becomes 

k^ky = — . 



(2.28) 
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If we consider the operators which depend only on X^, this condition reduces to 

^1 = 7^^ = 7^- (2.29) 



In the absence of the electromagnetic field, C^^ = = — 1 and hence kf = 1 and 1/2, 
respectively, for the bosonic and superstring it should be. As the electromagnetic field is 

turned on C^^ and change and so does kf. It has a positive value as long as both and C^^ 
are negative. In (12.181) . this is the case when < 1 with an appropriate B to keep 3^2 negative. 
The marginal tachyon vertex operator is then of the trigonometric type: T{X) = Xcos{kiX) or 
A sin (kiX). If we examine the corresponding energy-momentum tensor and the R-R coupling, the 
resulting configuration with A = 1/2 for pure tachyon case (3^p = C^^ = —1) is interpreted as an 
array of D-branes for the bosonic case or an array of D(p — l)D(p — 1) for superstrings [2], [3]. It 
was also discussed in the presence of electric field (3^i = — 1 + E"^, C^^ = —1) [261 El [25]. 

On the other hand, if the electromagnetic field is sufficiently strong, and/or C^^ can be 
flipped to be positive. From the physical ground, the determinant should be negative and then 
the question is whether C^^ can become positive while keeping yp negative. It turns out that this 
is possible when p > 2 as we see in (12.181) . Note that when i?| > 1, C^^ becomes positive while 
yp remains negative as long as the magnetic field B is sufficiently strong. 

Then the tachyon profile becomes of the hyperbolic type T{X) = e^'^^ where 



. for bosonic string, 

^k, = { (2.30) 
2^ for superstrings. 

This is in contrast with the rolling tachyons in which k"^ = yp/C^^ is always negative. Actually 
C"" is positive irrespective of the values of constant electromagnetic field and the dimension p 
of D-brane. Therefore turning on the electromagnetic field does not give rise to a new type of 
deformation for the case of rolling tachyons. 

Without loss of the generality, the tachyon profile may be classified into the following three 
cases depending on the asymptotic behaviors. 



T{X) 



a 




A sinh(KX) , 

Aexp(±KX), (2.31) 
A cosh(/tX) , 



where a = 1 for bosonic string and a = \/2 for superstrings. Note that the coordinate X is a 
spatial direction along the D-brane. Nevertheless the form of the operator looks like that of rolling 
tachyons thanks to the strong electromagnetic field. This deformation is however entirely physical 
and can be obtained through a chain of maps involving T-duality, Lorentz boost, and rotation [23] 
as discussed in subsection 13.11 where the corresponding boundary state is constructed. 

One comment is in order. For bosonic string, the boundary term is the same as the tachyon 
profile (I2.3ip . For superstrings, tachyon vertex operators corresponding to (12.311) in the — 1-picture 
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are of the form e~^T{X). Since the picture number of the boundary term should be zero, each 
boundary term corresponding to the tachyon vertex (12.311) is obtained by picture-changing from 
— 1 to 0-picture, 

'(i) 2zAk\I> cosh(KX) ® (Ti , 

(ii) ±2iXK^ exp(±KX) ® ai , (2.32) 

(iii) 2zAk\[^ sinh(KX) (g) ai , 

where the Chan-Paton factor ai is necessary to describe GSO-odd states. 

The tachyon profiles (12.311) can also be obtained in the framework of OSFT. Let us consider the 
linearized equations of motion in OSFT ignoring the interaction among various fields except the 
coupling to constant electromagnetic field. Near the perturbative string vacuum, the tachyonic 
degree due to the instability of an unstable D-brane can be described by a real scalar field T and 
its action in the presence of the constant electromagnetic field is expressed in terms of an open 
string metric G'^'^ and a noncommutativity parameter 6'^'^ in (I2.13p . 

Sj.= I d^+'xV^ ( "^^^'^ * ^'^^ " * ^) ' ^^-^^^ 

where G = det G^j, and * denotes star product between the tachyon fields, < is the square of 
the tachyon mass which is equal to —1 for bosonic string theory and —1/2 for superstring theory 
in our convention. Since the background electromagnetic field is constant on the flat D-brane with 
the metric r/^i,, both G'"^ and 6^'^ in (I2.13P are also constant. In addition, every star product in the 
action (12.331) . quadratic in the tachyon, can be replaced by an ordinary product and the equation 
of motion for the tachyon field becomes 

G^'^df.d^T = m^T. (2.34) 

For the static kink configurations of codimension-one objects, we assume T = T{x), {x = x^), 
and then the equation of motion (I2.34p reduces to 

_ ^ur^n ^ ^y^m^T, (2.35) 

where the prime ' denotes differentiation of x. To keep the role of spacetime variables, the deter- 
minant yp should be nonpositive and, to obtain nontrivial configurations, C^^ should be nonvan- 
ishing. 

As discussed in the previous subsection, the types of the solution of (I2.35P depend on kl = 
3p/C^^|m^|. When G^^ is positive, the solution is given by (I2.3ip . In the absence of the elec- 
tromagnetic field, —G^^ = 1 and although the obtained tachyon configurations (I2.3ip are static 
solutions of the linearized tachyon equation with the coupling of constant electromagnetic field, 
the linear tachyon system is obtained through a consistent truncation of full open string field 
equations restricting the fields to a universal subspace and then the obtained solutions (12.311) are 
expected to be solutions of full open string equations [H \5\ [20] • 
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3 Construction of Boundary States for New Codimension- 
one Objects 

In this section we construct the boundary state for the hyperbohc type of marginal deformation 
f l2.3ip along a spatial direction in the presence of a strong constant electromagnetic field. For 
definiteness we concentrate on a D25-brane in bosonic string theory. Then the case of superstring 
theory will briefly be discussed. The generalization to lower-dimensional D-branes is straightfor- 
ward. 

3.1 T-duality approach 

In the following we shall construct the corresponding boundary state through a chain of transfor- 
mations starting from a well-established configuration which turns out to be the rolling tachyon 
in the presence of the constant electric field. The order of the transformations is as follows. We 
begin with a D25-brane where a constant electric field is turned on along the y^-direction and all 
the other excitations are set to zero except the rolling tachyon. We compactify the y^-direction 
on a circle and T-dualize the D25-brane to a D24-brane. Then we boost it twice: first along the 
y^-direction and then along the y^-direction. Subsequently we rotate it in the y^y^-plane. Finally 
we T-dualize it back along the y^-direction. The resulting configuration will be a D25-brane with 
the deformation given in 02.311] . 

Let us first consider a fiat D25-brane {p = 25) with rolling tachyon in a constant electric field. 
We denote the worldsheet fields of the brane by and assume that the constant electric field 
denoted by Ei is along the y^-direction. The rolling tachyon is then described by the exactly 
marginal boundary operatoio [20] 



We compactify the y^-direction on a circle of radius R and wrap the D25-brane on it. 

Under the T-dualization of the |/^-direction, the right-moving part of Y"^ changes its sign while 
the other fields remain unchanged, 



The D25-brane is then turned into an array of D24-branes on the dual circle. Taking the decom- 
pactification limit i? — oo we get a localized D24-brane with a constant electric field Ei turned 
on along the y^-direction. The part of the boundary state is given by the Dirichlet state, 




(3.1) 



T dual: Y^{z) 




(3.2) 




(3.3) 



2 



'Wc display only the cosh-type operator for simplicity. 
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(D25) 



T-dual 
>- 

(y^-direction) 



T-dual 



(a; ■^-direction) 



boost 



(D24) 



(y^ -direction) 



e = tan"^ b 




rotation 
I 



(D24) 



vi = ei 
> 



(D24) 



boost 
(y^-direction) 



V2=e2l 



(D24) 



Figure 1: The arrows in D25-branes represent electric fields. Tlie gray background in the second 
D25-brane represents a nonvanishing magnetic field. 

where and denote the oscillators of V^. 

Next, we boost the D24-brane along the y^-direction with a velocity ei which is followed 
by another boost along the ?/^-direction with a velocity 62- Then we perform a rotation in the 
y^y^-plane by an angle tan~^ b. Then Y^, Y^, Y"^ are mapped as 

YON 

(3.4) 

Here the boost transformations, Ai and A2, and the rotation Q are 

Ai = I 7iei 71 I , 7i = ^=1=, ej < 1, 

2^1^ 













HI 




= f^A2Ai 


Y2j 










A2 = I 1 I , 72 = el < 1 



^ = I 7 -7M > 7 = y=F' < 6^ < 00, (3.5) 
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and then the resulting transformation matrix is 



7i72 7i72ei 7262 

f2A2Ai = I -71727626 + 71761 -717276162& + 7i7 -727& | • (3.6) 
7172762 + 7i76ifc 717276162 + 7i7& 727 

Now we choose the rotation parameter b as 

b = ^—, (3.7) 
726162 

so that the 11-component of r2A2Ai in (13. 6p vanishes. The delta function (5(y^) in the boundary 
state (13. 3p then becomes 



5(y^) = 5(-7262X° - ^2lbx^ + l2lX^) 

= (727)"'5(x' - 7-'62X° - hx^). {?>.i 



From (I3.6p - (I3.8I) . we find that within the boundary state 

^0 = -ei7i7-'x\ ^i = ^£0^7i£i_ ^3 9) 

7i 7 

Note that the zero mode in the zeroth direction is transformed to with the help of zero-mode 
constraint in (13. 3p for the localized D24-brane. 

As the last step, we compactify the x^-direction on a circle and T-dualize back along the x^- 
direction, which changes X\{z) to —X'j^{z). Finally we decompactify the x^-direction. The whole 
transformation can then be written as 

XI = fiA2Ai I Yl 
(l 

Xjj = 1 I fiA2Ai I 1 I I ri I = fi-^A2-^Ai I I . (3.10) 














1 














^xlj \0 -1^ 
Moreover, the zero-mode part is transformed to 

{l2l)-'5{e - 7-^62X° - hx'm (727)-'|0), (3.11) 

yielding the Born-Infeld factor (727)"^, since only the zero-winding sector survives in the decom- 
pactification limit. 

After the chain of these transformations, we get a D25-brane with constant electric and mag- 
netic fields deformed by the tachyon field 



A cosh [\ll-El 61717-^X^ ) , (3. 12) 

12 



where (13.91) has been used. The resuhing electromagnetic fields Ei,E2,B on the D-brane are 
related to the boost and rotation parameters through 



El 



El 



2 , ^2 



E^B ' Vl + B^' 



B. 



(3.13) 



To see this, and also as a check of our calculation, we apply the transformations (I3.10p and (13.111) 
to the Neumann boundary state of a static D25-brane with a nonvanishing constant electric field 
El = Fqi = —FiQ. The nontrivial part is 



\N; E^)yo.i,: 



Nr. 



-yp exp 



oo ^ 



n=l 



|0), 



(a, 6 = 0,1, 2), 



where A''^ is an overall constant and 3^p is [35] 

j>p = det(?7„fe + Fab) 
The oscillators f_„'s are defined as 



f = M(3 = r] 



V 



V 



-l + El 



p. 



From (I3.10p . the relevant factor in the exponent becomes 

/3T„r_„ = «^„(fiA2Ai)~'^MAr'A2f^«_„. 

Using (I3.13p . it is straightforward to find that this reduces to 

'r/ - F^ 



T 



(3.14) 



(3.15) 



(3.16) 



(3.17) 



(3.18) 



where F is the field strength tensor with electric field E and magnetic field B. This gives the 
correct form of the exponent for the Neumann boundary state with constant electric field E and 
magnetic field B. Furthermore, the zero mode part becomes 



{i2iy'^J-% = vi - E2 + B^ 

= v^^det(r/^^r+^ 



(3.19) 



reproducing the Born-Infeld factor with E and B. This establishes the relation fl3.13p . With the 
identification (13.130 . it is easy to see that the deformation (I3.12p precisely takes the form (I2.3ip 
with X = X\ 

The relation (I3.13P constrains the range of the allowed electromagnetic fields obtained by the 
transformation (13.100 . Since the initial electric field Ei on the D-brane and the boost parameters 
ei, 62 should be less than one, we get 



-yp 



B^ > 0, 



E', > 1. 



(3.20) 
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The first constraint is nothing but the reality condition of the Born-Infeld factor fl3.19p . The 
second constraint -El > 1 is precisely the condition that n in (12.311) is real so that the deformation 
is of the hyperbolic type as discussed before. We note that these conditions are obtained from a 
series of boosts and rotations which are not connected to the identity transformation since is 
necessarily larger than one. 

Now it is a straightforward matter to write down the boundary state of D25-brane deformed by 
the boundary operator fl2.3ip in the presence of a constant electromagnetic field with the condition 
fl3.20p . We just apply the transformations fl3.9l) - fl3.11l) and (13.131) to the boundary state of the 
rolling tachyon with the electric field Ei calculated in [20]. More explicitly, suppose that the 
matter part of the boundary state with Ei is given by 



\B;E,), 



-3^,[-S(F°(0))|0)+/3V^4.(F°(0))|0) 



(3.21) 



Then the matter part of the corresponding boundary state with the electromagnetic field becomes 



\B;F) 



=N 



yp<-B 



-ei7i7 ^ 



EfX\0)]\0) 



|0) 



(3.22) 



where (13.19^ was used. Using the explicit form of y4^j,(x) and B{x) given in [20l [23] we find that 
\B; F)^ = iVpv^[-5(Xi(0))|0) + aV-iV(^'(0))|0) + ■■■], (3.23) 

where 



f{-Kx') 



- — (G"^^ + r^) (G^^ - e^^) (A + 1). 

Gr 



(3.24) 



Here G^'^ and 6^'^ are defined in (I2.13p . The function f{x) and A are given in the following form. 
For the sinh-type profile ((i) in (I2.3ip ). they ar^ 



1 



1 + sinh vrA 1 — e ^ sinh ttA 
For the exponential type profile ((ii) in (I2.3ip ). 

1 



1 + 27rAe-^' 



1, A = cosh(27rA). 



A = 1. 



(3.25) 



(3.26) 



^This result can be trusted only for | sinh(7rA)| < 1 H]. 
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For the cosh- type profile ((iii) in (12.311) ). 



f(^) = T—-^- X + 1 ^ . ■ ^-1' A = cos(27rA). (3.27) 

l + e^smTrA 1 + e ^smvrA 

As mentioned in [23], the generalization to superstrings is straightforward. Again we start 
with the boundary state with the electric field Ei in superstring theory, 



\B;E,,e)„, = AT, [-5(^0(0)) |0) + 2ex^/2X-i/24^(>^°(0))|0) + ■■■], (3.28) 

where A^j, and B are the same as in the bosonic case except for the form of the function f{x), 
and X ^iid x the oscillators of the fermionic partner of Y. After the chain of the Lorentz 
transformation and T-duality, we obtain 



\B; F, e)„ = A^pv^ [-BiX\0))\0) + zer.y2r-i/2A,uiX\0))\0) + ■■■], (3.29) 

where A^i^ and B are already given in (I3.24p . 

For the sinh-type profile ((i) in (12.311) ). the function f{x) and A have the form0 

"^^^= l^Jw\ + sJ(.X)e-" -'' ^ = "*(2.A), (3.30) 
for the exponential type profile ((ii) in (I2.3ip ). they are 

and, for the cosh-type profile ((iii) in (12.3ip ). 

/(^)= . , + . . _:■,2!_^^,-2. A = cos(27rA). (3.32) 



sin (7rA)e^^ 1 + sin (7rA)e" 



The above form of the boundary state is enough |5] to obtain the energy-momentum tensor 
and the current density of fundamental strings in section HI The closed form of the boundary state 
can also be obtained from the boundary state with Ei in [20] by applying the transformations as 
mentioned above. Instead of doing this, in the next subsection, we shall obtain the closed form of 
the boundary state by directly deahng with the deformation (I2.3ip . 



3.2 Boundary conformal field theory 

In this subsection we shall construct the corresponding boundary state following the method used 
in [20]. This calculation will also serve as a consistency check of the previous approach using 
T-duality. Then we generalize the result to superstring case. Although we concentrate on the 

^As in the bosonic case, this is valid only for | sinli(7rA)| < 1. 
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operator in (iii) of (12.311) . it is straightforward to generalize the result to other tachyon vertices in 
(i) and (ii) of fl23TD . 

In the Wick-rotated theory obtained by the replacement —iX^, we introduce the viel- 

beins of the open and closed string metrics and the corresponding local coordinates as follow^ 



G 



yaya 



where a, // = 0, 1, 



25. ExplicitlyH 



'-'IIP 

= v^^X^, 



(3.33) 



G = l-F' 



BE2 
-BEi 



BE2 
E1E2 



El 



and we choose 



V 



y2 



T+W+E? 



BEi 



E1E2 



-BEi 
E1E2 
1+52 + 








El 



(3.34) 



V{l-F)-\ 



1 + B'- 



El 



(3.35) 



where 3^2 = det(l + F) = 1 + + 5^ and v chosen in this way is indeed an orthogonal matrix. 
The vielbein V is chosen in such a way that boundary operator J^oit) = cos(Z°(t)) becomes (12.311) 
with X = X^ after inverse Wick rotation, i.e., 



A j dtJlo{t) = \J dtcos{Z%t)) 
= A J dtcos{RX^), 



l + Er 



(3.36) 



which describes an exactly marginal deformation. Also the components in the second row of V 
are chosen to reproduce the relation (13. 9p . In this way the vielbein V has a clear interpretation 
in the T-duality approach. The relation between the two local frames is given by 



Z ={l- F)W, F = vFv^. 
Now we compactify the coordinate on a circle of unit radius, 



(3.37) 



(3.38) 



^ We put bars ( ) to denote quantities in Wick rotated theory. 

^For simplicity, we will not explicitly display the components in the trivial directions a, yU = 3, 4, . . . , 25. 
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Since the closed string metric is identity in the W"' coordinate system, fl3.38p imphes that the 
closed string theory now has enhanced SU(2)i x 811(2)^^ gauge symmetry which can be used to 
organize the boundary state as in [361 El]- The left-moving currents are given by 



J^o = cos{2Wl), J^o = sin(20, J^o = idWl (3.39) 

which are all well-defined operators since is compactified on a circle of self-dual radius. From 
dajB. fl338D implies that 

Z\ Z^) ~ (Z° + 27r, - 27rFio, - 27rF2o), (3.40) 

under which the operator cos{Z^) is manifestly invariant. Therefore, with this compactification, 
we can obtain the deformed boundary state \B]F\\) starting from the unperturbed (A = 0) 
boundary state \B\ F) which is constructed below. 

We shall now construct the boundary state \E\ F) for an Euclidean D25-brane {p = 25) with 
an electromagnetic field F^^, turned on, and compactified on a circle of unit radius. From the 
boundary condition (12.21) the closed string overlap condition reads 

{drX + iFd„X)\r=o = 0. (3.41) 

In terms of the oscillators cr„'s and a^s of the coordinates W, this becomes 

(a„ + Ma_„) |S; F) = 0, n e Z, (3.42) 

where 

1 — F 1 — F 

M = = V = vMv'^. (3.43) 

l+F l+F ^ ' 



\B- F) = NpJype,cg 



..Ma- 
rl 



|i3;F)o® Ighost), (3.44) 



Then we get 

^ n 

n=l 

where \B]F)q is the zero mode part of the boundary state. 

To construct the zero mode part, we first compactify the coordinates and on circles 
with radii i?'-^-* and R^'^\ respectively. We shall take the decompactification limit later to get the 
desired result. Let n^°'\mS"''^ G Z (a = 0, 1, 2) be the momentum and winding numbers respectively. 
Then the overlap condition f l3.42p for the zero modes reads 

+ ^^"^R^"^^ + M'^ b - m^^^R^^^^ = 0, (3.45) 

with = 1. With (IS33D, this reduces to 

n (no sum over a). (3.46) 
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Thus n^"'^^s are not independent and the sum can be taken over m^"^'s only. We get 



a=0 



|0), 



(3.47) 



where 



(0) 



(3.48) 



and we replace m^"^^ in the last term of each line by —m^""^ to get in this expression. The 
decompactification limit R^^\ -R*-^-* — oo is obtained by keeping only the m^^^ = m^'^^ = terms in 
f l3.47p . This gives 



\B; F)o = \~2im{wl - w^) + 2im{Fiow^ + Faow;^)] |0). 



(3.49) 



Inserting the zero mode part into fl3.44p . we obtain 



\B; F) =NpJypexp 



n=l 



E 



exp 



mG2 



®-=3 ® Ighost), 

where the oscillators defined by 



2im{wl - w^r) + 2im{Fiow' + F2ow^) |0) 

(3.50) 



r„ = Man = V ^ttn, 



(3.51) 



with an being the oscillators of X. Using the Virasoro-Ishibashi state \j;m,m)) of (12.51) . this can 
be written as 



B; F) =Np^yp J2 li; ® exp 



V -{(T\f\ + a\fln) + 2im{Fi^w^ + Faoti^' 



n=l 



|0) 



®£3 ® Ighost), 



(3.52) 



where |j; —m,m))f^ is the state obtained by replacing the a oscillators by the corresponding f 
oscillators on the right-part of the state appearing in the expansion of |j; — m, m))^°\ 

Now turn on the deformation (13.361) . Using the boundary condition, we see that Z^{t) = 2Wl{t) 
on the boundary and hence, on the boundary. 



cos(Z°(t)) = cos(2iy°(t)) = J^p(t) 



(3.53) 
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Then with the SU(2)l charge Qlyo defined by 

Qwl= f ^/woi^). (3.54) 
the boundary state \B]F,\) in the presence of the boundary deformation (13.361) is obtained as 



\B; F, A) = exp(-27r^Ag;^o)|i5; F) 



exp 



j,m,m' 
oo 



71=1 



\Q)®lU\N)x^®\g\^osi), (3.55) 



where -D^, „ is the spin j representation of exp(— 27^^A(5^o)• 
As the final step, we can take the decompactification hmit by removing all the winding sector 
states. In this limit only the state with m' = m survives [36] and we get the desired boundary 
state 



\B;F,X) 

= Np\J^p^D'^^^_Jj]m,m))f (g) exp 
®i=3 \N)xi ® Ighost). 



oo ^ 



n=l 



|0) 
(3.56) 



From (13.371) and (13.511) it is readily seen that, after the inverse Wick rotation, this precisely 
reproduces the state (I3.23P we have obtained in subsection 13. 1[ This also verifies the consistency 
of the whole calculations performed in this subsection. 

Based on the obtained result for bosonic string, we discuss the case of superstrings as in [201 
E]. With the choice of the vielbein V (13.351) . the boundary operator — zy^A^'^ sin(Z°/v^) (g) ai 



(3.57) 



becomes the boundary operator (iii) in (I2.32p after the inverse Wick rotation, i.e., 

- iV2X J dm^z sin (^^) ® = -2iA j dtR^!^ sin [rX^) ® ai, 

where = and R = ^/y2/2{l + E^). 

Similar to the bosonic case, we compactify W'^ on a circle of radius \/2, 



W° r^W° + 2V2' 



TT. 



(3.58) 



Then we have an enhanced 811(2)^ x SU(2)/j symmetry. The left-moving SU(2) currents are given 
by 

J^o = -iV2ij°w sm{V2Wl) ® ai, J^o = tV2^^ cos{V2Wl) ® en, J^o = i^PldWt (3.59) 
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where ipw = vip. Then the SU(2) charges are defined as 



(3.60) 



It is known that a GSO-invariant boundary state is given by the hnear combination of the two 
boundary states corresponding to the different boundary condition for the fermions, 



|i3;F,A) = |i3;F,A,+)-|i3;F,A,-). 



(3.61) 



First we construct the boundary state for a D9-brane (p = 9) in the absence of the boundary 
interaction fl3.57p . We obtain the overlap condition for ipw and ipw in the closed string channel 
from dMH), 

[(1 + F)i,w + - F)iJw]l^^ = 0, (3.62) 
and in terms of the oscillators, this becomes 



{Xr + leMx-rW, F,e) = 0, reZ+ 1/2, 



(3.63) 



where Xr and Xr denote the oscillators of ipw and ipw respectively. Solving (13.631) and combining 
the result in the bosonic case, we have 



\B;F,e)=NpJypexp 



oo ^ oo 

Y,-(^-nM(T^n-^e ^ X-rMX- 



n=l 



r=l/2 



|i3;F)o® |ghost,e), (3.64) 



where \B;F)q is the zero mode of the boundary state. Since the difference between the bosonic 
and the superstring case is only the compactified radius of W^, we obtain the zero mode of the 
unperturbed boundary state by replacing the winding number in the bosonic case as m^^^ 

" ' ^ " " ^ ~ ' ^ "'|0). (3.65) 



Thus we obtain the boundary state with A = 0, 



B-F,e) =iVpJ3;p^|^-;-m,m,e)) 



(0) 



® exp 



oo ^ oo 



20W 



n=l 



r=l/2 



®-=3 |A^,e)x^v-« ® Ighost), 



|0) 
(3.66) 



where 6 = Mx and \j; — m, m, e))^''^ is the state obtained by replacing the a and x oscillators by 
the corresponding r and 6 oscillators on the right-part of the state appearing in the expansion of 
\j; -m,m,e))(°). 
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Let us turn on the boundary interaction fl3.57p . On the boundary, we see = 2Wl and 
~ V'ly; ^iid hence the boundary term is expressed in terms of the left-moving SU(2) current, 

- iv^^° sin ®cri = -iV2iP^ sin(V21^°(t)) (g) ai = J^^^oit). (3.67) 

Then the boundary state with the boundary deformation becomes 

|i3;F,A,e) =exp(-27r2Ag;^o)|i3; F,e) 

j j 

%<5 



j=0,l,... m'=—j m=—j 



exp 



oo ^ oo 



n 

n=l r=l/2 



|0) 



^Ls 1^. ^)xKi,^ ® Ighost, e). (3.68) 
Taking the decompactification hmit, only the states with m = m' survive and we obtain 

(0) 

s 

j=0,l,... m=-j 



exp 



oo ^ oo 

E -(^-n^'n + ^-n^-n) " V {X-r^-r + X-r^-r) + lV2m{F^^W^ + ^20^^') 
n=l r=l/2 



|0) 



5^3 



^^,e)x^v> ® Ighost, e). (3.69) 



4 Physical Quantities and Interpretation 

In section |2l we obtained new tachyon vertices fl2.3ip which are exactly marginal deformations in 
the BCFT's for bosonic string and superstrings. The corresponding boundary states were con- 
structed through the direct BCFT calculation and the construction via T-duahty in section [3l 
which result in the same boundary states. We shall address physics issues in this section. In sub- 
section |4]T] we calculate the energy- momentum tensor and the fundamental string current density. 
In subsection 14.21 a plausible interpretation about the obtained co dimension-one configurations is 
discussed. 

4.1 Energy- momentum tensor and string current density 

Given the boundary states fl3.23p and fl3.29p . or equivalently, 03.561) and fl3.69p . it is straightforward 
to calculate the corresponding energy-momentum tensors and the current densities of fundamental 
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strings [5l[20]. From fl3.23p . (13.241) and (13.291) . we obtain the energy-momentum tensor, 



rp^U 



fh^x')-^iG^'G-''-9'^'e 



(4.1) 



which satisfies the conservation law, d^T^" 



0, and the current density of fundamental strings, 
d""" + -^{G^'^0"^ -G^'^e^'^) /(-fi:x^) - ^^(G"^r^ -G^^^r^) \. (4.2 



2G1 



A remark is in order. The function f{x) in (I3.25p - (l3.27p can have singularities in bosonic case. 
Explicitly, it diverges at 



sgn(A) In I sinh 7rA| 



X 



-ln|27rA|, if A < 0, 
±ln|sin7rA|, if — ^ < A < 0, 



(4.3) 



(for sinh case), 
(for exponential case 
2 ^ .V ^ ^, (for cosh case). 

Then it is easy to see that at these singularities the tachyon has a negative value. (In sinh case, 
(I3.25P is valid only when | sinhvrAI < 1 as noted before.) This is consistent with the fact that the 
effective tachyon potential is unbounded from below in the region T(x) < in the bosonic theory. 
On the other hand, the positive region T{x) > corresponds to the instability to the decay of an 
unstable D-brane. For the superstring case there is no singularity in /(x) and hence T^^^ and 11^" 
are regular everywhere. 

Note that T^^'^ and 11^^ in (14. ip and (14.20 have essentially the same x-dependence, since their 
local parts are governed by the function f{x). For later use, we give explicit expressions for the 
case of an unstable D2-brane: most of the components of T^^ and 11^^ are constants, 
noi + 



El B E2B E'i - 1 EiB E1E2 2v/^ ^ °' 

while the rest three components are given by the sums of an x-dependent piece {x 
constant, 

E^B^ - El 



X 



rpOO 
rp22 

no2 



R2 
^2 



f 



El -I 



El 
EfEl 



El-1 



^2 



T2^/^2, B 



f 



-1 El 

El 



(4.4) 
and a 

(4.5) 
(4.6) 
(4.7) 



E2 E^-l E^-1 El 

Here it is important to note that the constant piece of the energy density T^'^ in (14. 5 p is positive, 
while its x-dependent piece is negative everywhere since both G^^ = —I+E2 and /(x) in fl3.26p - 
fl3.27p are always positive for the physical region of positive A. This is also the same for the 
fundamental string charge density U^^ in (14.71) which is parallel to the codimension-one object. 
We will discuss more on this in the subsequent subsection. 
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4.2 Physical interpretation of codimension-one objects 



In this subsection, we discuss physical properties of the codimension-one objects found in the 
previous section by investigating the energy-momentum tensor and the fundamental string current 
density. Then we also compare them to the corresponding kink profiles found in DBI EFT, NCFT, 
and BSFT. 

Let us first remark that, in the T-duality approach of subsection 13.11 we started from rolling 
tachyons (13. ip . Nevertheless after a series of transformations the resulting profiles in (12.311) are 
static ones. This formal relationship with the homogeneous rolling tachyons has also been men- 
tioned in DBI EFT, NCFT, and BSFT [251 [271 [281 [I3] . However, these objects are different 
from the rolling tachyons in that they only exist provided that the dimension p of the unstable 
Dp-branes is larger than one {p > 2) and that the background electromagnetic field is strong 
enough for the condition (13.201) to be satisfied. 

Now we study the detailed properties of the states in the presence of the tachyon given in 
(i)-(iii) of (12.311) . Since there are singularities in bosonic theory as discussed above, we mainly 
discuss the superstring case. Then /(x) in (I3.30p - (l3.32p is an even function of A and we assume 
A is positive. Also for the sake of simplicity we consider the D2-brane case only. 

(i) hyperbolic sine : The tachyon profile in (i) of (I2.3ip is hyperbolic sine type connecting 
two true disconnected vacua at T = ±oo. One may call the monotonically increasing configuration 
connecting T{x = — oo) = — oo and T{x = +oo) = +oo as a kink and the monotonically decreasing 
configuration connecting T{x = — oo) = oo and T{x = +oo) = — oo as an anti-kink. 

As noted before, each quantity in (14. 50 - 04. 7p consists of an x-dependent part and a constant 
part. The latter comes from the fiuid state of fundamental strings on the brane in the presence of 
constant electromagnetic field when the tachyon is condensed [T8l [T9l [37] . Because of the condition 
(I3.20p on the electromagnetic field, the constant pieces of T^^ and n°^/£'2 are all positive. 

To understand the character of the new objects, we examine the localized part of the physical 
quantities (14. 5p - (14. 71) . We consider only the case sinh^ ttA < 1, since the form of f{x) can be 
trusted only for this case [1]. Then f{x) is positive definite. It has a maximum at x = and 
vanishes exponentially as |x| oo. Since -E| > 1, the multiplicative factor in front of the the 
localized piece of the energy density in (14. 5 p is negative and it makes a hollow in the energy 
density. The depth of the hollow becomes deeper as E2 approaches unity as shown in the left 
figure of Fig. [2l (T"" can still be shown to be positive definite.) 

As A becomes smaller, the hollow becomes almost fiat up to the region x ~ | lnA| (the right 
figure of Fig. [2|). In the vanishing A limit, the energy density at x = approaches the value 

which is just the energy density of the unstable D2-brane in the presence of the electromagnetic 
field without the deformation, i.e, for the case T(x) = 0. It is quite surprising that the energy 
density at T = 0, which is supposed to be the unstable point, is actually smaller than the value 
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Figure 2: The energy density of nonBPS D-brane T^^ /T2 with negative tension for various E2 (equiva- 
lently 1]^^ /'T2) and A. We choose Ei = 0.1 and B = 0.9. The left figure has a fixed A = 0.05 and three 
Sa's: E2 = 1.05 {li^^ /T2=Q.l2'i) for the dot-dashed line, E2 = 1.1 (n07'72 =0.133) for the solid line, and 
E2 = 1.2 (n''^/72=0.171) for the dashed line from the above. The right figure has a fixed E2 = 1.02 and 
three A's: A = 0.15 for the dot-dashed line, A = 0.05 for the solid line, and A = 0.00001 for the dashed 
line from the above. 

at T = ±cxD. This does not mean, however, that T = ±00 has higher vacuum energy (which 
is zero) since there is an additional contribution to the energy by the nonvanishing slope of the 
tachyon field. Furthermore, the reason that a hollow is formed is because of the factor E'l — 1 in 
f l4.5l) which flips the sign of the x-dependent term to negative when > 1. This implies that 
the object has a negative tension and the accumulated (condensed) constant fundamental strings 
in the fluid state are repelled (de-condensed) along the 1-dimensional brane. The integration of 
the localized piece of energy density 04.51) and the fundamental string charge density fl4.7p gives 
its tension 7j and fundamental string charge per unit length Qfi along the x^-direction 

r, = %i = -^T2 r dxf{-.x) = ^E=ln(sinh^.A), (4.9) 

which is negative as it should be. 

According to the profiles of negative energy density, the configuration near the origin x = 
resembles a hole in condensed matter physics, created in the background of strong constant 
electromagnetic field. 

(ii) exponential : For the exponential type of deformation (12.310 . the unstable vacuum at 
T = is connected to the true vacuum at T = 00. In this sense, one may call the configuration as 
a half tachyon kink and an anti-half tachyon kink respectively for the positive and negative sign 
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in the exponential. It is convenient to rewrite the corresponding function f{x) in fl3.3ip as 



^(^^^)= l + e^^-(---o) ' «:^o = ±ln(27rA), (4.10) 

where Xq may be considered as the position of the (anti-)half tachyon kink. 

From the shape of /(x), we see that the energy density for the half tachyon kink is mono- 
tonically increasing as shown in Fig. [31 In this sense the half tachyon kink is a phase boundary 
stretched along the x^-direction. In addition the fundamental string charge density 11°^ ( 14. 7p is 
also monotonic. 
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Figure 3: The energy density of tensionless half D-brane T^^ /T2 for various El (equivalents 11^^/%). 
We choose Ei = 0.1 and B = 0.9, and due to translation, we can choose A = l/\/27r. The figure has 
three E2 = 1.02 {li^^ /T2=Q.llb) for the dot-dashed line, E2 = 1.04 {W^ /T2=Q.ll?>) for the solid 

line, and E2 = 1.2 (11*'^ /72 =0.167) for the dashed line from the above. 



A naive computation of tension of the half tachyon kink by integrating the energy density (14.51) 
from a; = —00 to X = -|-oo leads to a divergence due to the contribution from the background 
energy proportional to dx. Therefore, it is reasonable to subtract it and we obtain the tension 
of the half tachyon kink as 
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\ _|_ q2k{x-xo) 



(4.11) 
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Therefore the half tachyon kink is an object of vanishing energy and then is identified as a ten- 
sionless half brane (|brane) with thickness 1/2/t. The profile of 11°^ (x) (14.71) is almost the same 
as the energy density (14. 5p . Suppose the low energy (T = 0) configuration from x = — oo and 
the high energy (T = oo) configuration from x = +oo are glued at xq with a sharp boundary. 
Then the formation of a smooth half tachyon kink suggests that the half phase boundary in the 
lower energy side gains both energy density and condensation of the fundamental string charge 
density, and the other half phase boundary in the high energy side loses exactly the same amount 
of the energy density and condensed fundamental string charge density. Note that this composite 
of tensionless |brane and fundamental strings has already been obtained as a half tachyon kink 
in DBI EFT, NCFT, and BSFT [9l[28lll3|. 

(iii) hyperbolic cosine : The hyperbolic cosine type tachyon profile in (iii) of fl2.3ip starts 
from T = +00, turns at a positive point A, and then goes back to T = +oo, which may be called 
a tachyon bounce (or a tachyon breather) in the classification of solitons. It could be interpreted 
as a composite of half tachyon kink and anti-half tachyon kink. Since the function f{x) (I3.32p is 
periodic in A, we may assume < A < 1/2. The shape of the energy density is similar to that of 
the hyperbolic sine case as shown in Fig. H] and we omit the details. 

On integrating the localized part of the energy density, we obtain 

71 = %i = -^ln(sin^.A)<0. (4.12) 

^2 - 1 



This object may be interpreted as a negative-tension brane of codimension-one, generated through 
de- condensing the background fundamental strings with a positive constant energy density. The 
hyperbolic cosine type tachyon profile also suggests an interpretation as a composite of half brane 
and anti-half brane. As DD is unstable, this composite of |brane and anti-|brane may also be 
unstable. This possible instability is classically expressed in terms of increase of the minimum 
value of the tachyon field in the tachyon bounce configuration. The parallel component of localized 
fundamental string charge (14. 7p is also negative, and it means that the fundamental strings are 
repelled at the site of composite as shown in the right graph of Fig. [31 Therefore, the obtained 
object is nothing but a composite of |brane and anti-|brane accompanying de-condensation of 
the background fundamental strings. 

Let us briefly discuss the bosonic string case. The cases of exponential tachyon profile for 
positive A (I3.26P and hyperbolic cosine profile (13.270 for < A < 1/2 show qualitatively the same 
regular behavior as those of superstrings, however the case of hyperbolic sine always involves 
singularity. As mentioned previously, this can easily be understood by unbounded nature of the 
tachyon potential in bosonic string theory for the region of negative tachyon in (12.311) . 

Though we considered only the case of Dl from an unstable D2, but the extension to the higher 
dimensional case of D(j9 — 1) from Dp is straightforward. The aforementioned negative-tension 
branes and tensionless half brane are obtained only with a component of overcritical electric field. 
As we have discussed, such configurations with overcritical electric field seem to be unavoidable in 
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Figure 4: The energy density of tachyon bounce T^^ /T2 with negative tension for various £"1 (equivalently 
and A. We choose Ei = 0.1 and B = 0.9. The left figure has a fixed A = 0.05 and three £'2's: 
E2 = 1.05 (-n°V'72=0.117) for the dot-dashed line, E2 = 1.1 (-n°V'72=0.127) for the solid line, and 
E2 = 1.2 (— n''^/72=0.163) for the dashed line from the above. The right figure has a fixed E2 = 1.05 
and three A's: A = 0.25 for the dot-dashed line, A = 0.05 for the solid line, and A = 0.00001 for the 
dashed line from the above. 

the context of BCFT and may need further study in the context of string theory beyond BCFT. 
Recently the topic of marginal deformations is systematically dealt in the OSFT [381 EH], so will be 
the case of the obtained new tachyon vertices with the development of constant electromagnetic 
field. When the quantum radiations are taken into account including perturbative closed string 
modes such as gravitons, dilatons, and antisymmetric tensor fields, dynamical evolution of the 
negative-tension branes and tensionless half brane may become a more intriguing topic. 

Finally, let us comment on the results in other approaches such as DBI EFT and NCFT with 
1/cosh tachyon potential [H [251 128] • If we compare the physical quantities T^"{x) and 11'^'^ (x) in 
the BCFT for superstrings with those in DBI EFT and NCFT with 1/ cosh tachyon potential, 
the BCFT results coincide exactly with the EFT results for the case of exponential type tachyon 
profile ((ii) of (12.311) ) [9l[25l[28]. For hyperbolic sine ((i) of (12.311) ) and hyperbolic cosine ((iii) of 
(I2.3ip ) cases, the x-dependent part of physical quantities match qualitatively but do not exactly 
coincide with those of DBI EFT and NCFT. 



5 Conclusions 

In this paper, we considered a fiat unstable Dp-brane {p > 2) in the presence of a large constant 
electromagnetic field in the framework of BCFT. Specifically, we studied the case that the electro- 
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magnetic field satisfies the following three conditions: first, a constant electric field is turned on 
along the direction (£"1 7^ 0); second, the determinant of the matrix (77 + F) is negative so that 
it lies in the physical region (— det(?7 + F) > 0); third, the 11-component of its cofactor is positive 
to the large electromagnetic field {C^^ > 0). For the simplest case, p = 2, these conditions reduce 
to -El 7^ 0, 1 — Ef — E2 + > 0, and I-E2I > 1, respectively. In the background of such electro- 
magnetic fields, we identified exactly marginal deformations depending on the spatial coordinate 
x^, which correspond to tachyon profiles of hyperbolic sine, exponential, and hyperbolic cosine 
types. The corresponding boundary states were constructed by utilizing T-duality approach and 
also by directly solving the overlap conditions in BCFT. 

For these boundary states, we calculated the energy-momentum tensor and the fundamental 
string current density. Boundary states for the tachyon profiles of hyperbolic sine, exponential, 
and hyperbolic cosine correspond to nonBPS topological kink, half kink, and bounce in the effec- 
tive field theories (DBI, NCFT, BSFT), respectively. In superstring theories, the first and third 
configurations have negative tensions and the second configuration gives tensionless half brane 
connecting the perturbative string vacuum and one of the true tachyon vacua. 

The result obtained here in the BCFT description completes identifying all possible codimension- 
one static solutions on an unstable Dp-brane in the presence of a constant electromagnetic field. 
Without an electromagnetic field, there exists a unique static solution of which the tachyon profile 
is sinusoidal with the period 27r [3], [1]. When a constant electromagnetic field is turned on, the 
spectrum of static solutions becomes rich; there are five types of solutions for p > 2, as summa- 
rized in the Table 1. This result coincides with that from DBI type EFT [9l [25], NCFT [28], and 
BSFT [13]. The detailed forms of the energy-momentum tensor and the fundamental string cur- 
rent density in the BCFT are qualitatively in agreement with those of the EFTs for cosine (sine), 
hyperbolic sine, and hyperbolic cosine types of tachyon profiles. For the linear and the exponential 
types, the physical quantities in the BCFT are exactly the same as those in the EFTs. 
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range of electromagnetic field 


tachyon profile 


interpretation 


< 0, -det(r/ + F) > 
< 0, -det(r/ + F) ^ 0+ 

> 0, -det(r/ + F) > 
C^^ > 0, -det(r/ + F) > 
C^^ > 0, -det(r/ + F) > 


cosine (sine) 
linear 
hyperbolic sine 
exponential 
hyperbolic cosine 


array of D(p - l)(F)D(p - 1)(F) 
single BPS D(p- 1)(F) 
negative tension brane 
tensionless half brane 
negative tension brane 



Table 1: List of all of the static solutions depending on a single spatial coordinate in the presence 
of constant electromagnetic field. When the spatial coordinate is x^, the electric field along that 
direction should be turned on, Ei ^ 0. 

A Exponential Type Tachyon Vertex Operator in BCFT 
for Superstrings 

In (j-model approach to string theory, partition function of the worldsheet action gives the space- 
time action and the couplings are interpreted as spacetime fields |10]. In relation to the static 
tachyon configuration, exact tachyon potential and tension of the lower- dimensional D-brane were 
obtained from the disk partition function in BSFT |TT]. The similar procedure was adapted to 
the worldsheet action (12.11) with exactly marginal tachyon vertex operators. By identifying the 
worldsheet partition function with the spacetime action in bosonic string and superstring theory, 
the spacetime energy-momentum tensor without electromagnetic fields was obtained [29] . 

In this appendix we revisit BCFT for superstrings with the exponential type tachyon profile 
in (I2.3ip by employing the cx-model approach. The calculation in bosonic string theory was given 
in IH]. According to the procedure suggested by Ref. [29], we read the energy-momentum tensor 
and fundamental string current density of the unstable system with exponential type tachyon 
vertex operator by equating the spacetime action with the disk partition function of worldsheet 
theory. 

The BCFT for superstrings is distinguished from that for bosonic string theory by introduction 
of worldsheet fermions and the form of worldsheet action is given in (12.191) . Here we use the 
coordinate z on the unit disk, 

z=- -. A.l 

\ — IW 

From the action (12.191) . we again read the worldsheet energy-momentum tensor 



T{z) = -dXi^dX^iz) - -Vd^^{z). 



(A.2) 
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Under the deformed boundary conditions, fl2.2p and (12.211) . the correlation functions on the 
unit disk are given by 

{X^'{z^)X'{z2))a = - r/^'^ln \z,-Z2\ +v'"'\ri \ z^Z2 - 1 | 

- G^-" In I z,z-2 - 1 P -e^-" In ( ^ifl^) , (A.3) 

\ZiZ2 - I J 

mzwiz')) mzwiz')) = (A.4) 



1 



r]-F 



1 



z — z' 



(A.5) 



The two-point function of \1/ at the boundary is the usual one with the open string metric fl2.13p . 

{^>'{hW{h)) = (A.6) 

— ^2 

where ti and ^2 represent the boundary coordinates on the unit disk, and the operator product 
expansion (OPE) for ip and \1/ becomes 

4j^{z)'$''{t) ~ (G'"^ - e^"")^—. (A.7) 

z — t 

We turn on a real tachyon field of exponential type, which is represented by the boundary 
interaction, 

St= [ dtd9T(X), r(X) = v^Aexp(ifc^X^) ®cTi, (A.8) 

where we introduced the superfield X^' = + i\/29^!^ with boundary Grassmann coordinate 6 
and (Ti is the Chan-Paton factor in (I2.22p . The corresponding vertex in the zero-picture is obtained 
by integrating over 6', 

l^T = -2AA;- *exp(iA;^X^) (A.9) 

The marginality condition for the configurations with single spatial coordinate dependence (12.291) 
determines the value of in the tachyon vertex operator (lA.9p . which is the same as (12.301) for 
superstrings. 

For later convenience, we write the two-point function of the superfield X^ on the boundary 
from fOOj) and (IXSD . 

(Xi(^i,^i)Xi(^2,^2)) = -G^Mn 1^121', (A.IO) 

where Zi2 = zi - Z2 - i 1/^1^2 6*1 6*2- 

From now on we compute the energy-momentum tensor and the fundamental string current 
density according to the procedure of Ref. [29]. The energy-momentum tensor in BCFT can be 
read from partition function of worldsheet theory coupled to background gravity 



S = ^disk ~ / [rfX][#]e-^™-^-, (A.ll) 
30 



where Z^isk is the disk partition function, and we replaced the flat metric 77^1. to with the generic 
curved spacetime metric g^,^. Then we have the energy-momentum tensor in flat spacetime: 



6S 



X 



where A(^^y) denotes the symmetric part of A^y and 



A^^'ix^] 



1= I [dX'][#]Pexp(-5o -Sa- St) = -(Pexp(-5T))^, 



(A. 12) 



(A.13) 



X Pexp(— 5*0 — Sa — St 
1 



: (29X'^9X'"(0) + ij^dij^i^) + ^^^^'^(0)) : Pexp(-5T)>^ . (A.14) 



Note that we split into the center of mass coordinate x^ and fluctuation X'^, i.e., = 
x^ + X''^, and {■ ■ ■)a denotes the vacuum expectation value in the presence of the U(l) gauge field 
on the unit disk with normalization 

In the calculation of A^^ in (lA.lSp . we follow the reference [5] and suppose that only the even 
part in ai contributes to the result, 



(■■■Pexp(-5T))^ = (---Pexp(-5T)), 



(A.16) 



a\ —even 

First we calculate B{x^). Using the two-point function (lA.lOp . we have 

2n 

^2n~l — t2n) 



B{x') = - ^(2v^7rAe''"Y" / J] ^dO^Qih - ^2) ■ ■ ■ e(t 

n=0 i=l 



i=l 
X 



n 

Kj 



n=0 



fiKx'). 



(A.17) 



Then we compute the function A'^'^. Since the second and third terms in (1A.14P vanish, flA.14p 
becomes 



[: dX''dX''{0) : Pexp(-5r)> 



(A.18) 



For the calculation of A^'^{x) in (lA.lSp . we introduce a different normal ordering for convenience, 
ldX''{z)dX'{z')l = dX''{z)dX''{z') - dd' {X''{z)X'{z'))a. (A.19) 
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The relationship between the ordinary normal ordering and the new ordering (IA.19I) is given by 



(A.20) 



and this leads to 



The first term is calculated as follows 
1 



ldX^dX\{))l - y^if" - G^" - e^^jj Pexpi-Sr] 
L= {:dX>^dX''{0):Pexp{-ST)) - (^Iv'" - G^'' - e^"^ f{Kx') 



(A.21) 



(:9X^aX'^(0):Pexp(-5T)> 



oo „ 2n , 

n=l 1=1 



X K 



\ k,l 



-tk-tl 



n 

Kj 



n=l 



-—[G^^ + e^'){G'''-e'^')[f{Kx')-i]. 



(A.22) 



Finally we obtain 
1 



A^""" = 2 



G 
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(G"*^ + - - 1] + ( -r/^'' - G^"" - e"" ] f{Kx^) \ . (A.23) 



As in the bosonic case [H], we determine the normalization constant in (1A.12I) as K = Tp/2. 
Substituting (1A.17P and (1A.23P into (lA.12p . we get the energy-momentum tensor fl4.ip . Similarly 
we obtain the fundamental string current density (14 ■2p which is proportional to the antisymmetric 
part of A'^'^ flX23|) . 

For the sine and cosine type profiles, the above path integral method in BCFT is not well- 
defined due to singularities in OPE between two vertices. To obtain meaningful results for these 
cases, we have to adopt appropriate regularization schemes which await further development. 
This situation may have some similarity to the recently-obtained exactly marginal solutions in 
OSFT [SB]. The exponential type marginal solution is well-defined since every OPE between two 
vertex operators is regular, while the sine and cosine type marginal solutions encounter singular 
behaviors of OPE between vertex operators. 
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